This paper presents the study of induced drag of 3D Co-Flow Jet (CFJ) wing at cruise conditions with different aspect ratios. The simulated aspect ratios are 20, 10 and 5. The wings are formed by two CFJ airfoils, namely CFJ 1 and CFJ 2, both modified from NACA 6421 airfoil with the injection slot size and suction slot size of the CFJ 2 enlarged by 80% and 85% respectively compared with the CFJ 1. The baseline wings with the non-controlled NACA 6421 airfoil are also simulated for comparison at the same aspect ratios. A momentum coefficient C µ of 0.03 and 0.04 are used at the cruise condition with optimum aerodynamic efficiency and productivity efficiency. The angle of attack (AoA) is fixed at 5
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L /C D ) c is increased by 32.1% for the wing of AR 20, 19 .4% for AR 10 and 5.6% for AR 5.
For the power consumption comparison, the CFJ 2 wings at all aspect ratios have substantially lower CFJ power coefficient benefited from the larger injection and suction slot size. For the same momentum coefficient, the CFJ 2 wings with larger slot size have lower injection velocity, lower total pressure ratio between the injection and suction slot, and larger mass flow rate. The CFJ power coefficient is determined linearly by the mass flow rate, but exponentially by the total pressure ratio. Hence a decrease of the total pressure ratio has the major impact to reduce the CFJ power consumption. As a result, the productivity efficiency of the CFJ 2 wing is increased by 12.9%, 9.8% and 8.7% for AR 20, 10 and 5 respectively compared with the CFJ 1 wing.
In conclusion, the CFJ wing is much more efficient than the baseline wing at either high or low aspect ratio. Furthermore, the CFJ power consumption can be substantially reduced by using large slot size with reduced injection jet velocity and jet total pressure ratio. This is particularly important for the same CFJ airfoil with fixed geometry to be used for whole flight envelop from takeoff to cruise and landing.
Nomenclature

CF J
Co-flow jet AoA Angle of attack LE
Jet conditions
Power coefficient P/(0.5 ρ ∞ V 3 ∞ S) e
Oswald efficiency V inj /V ∞ Normalized injection velocity C Di
Induced drag coefficient C Dc Drag coefficient plus its Power coefficient for CFJ airfoil C D0 Drag coefficient at zero lift angle of attack M is Isentropic Mach Number P tinj Total injection pressure P tsuc Total suction pressure P R Total Pressure ratio of the CFJ pump
Introduction
Recently, Co-Flow Jet (CFJ) flow control airfoil developed by Zha et al. [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 ] is demonstrated to achieve radical lift augmentation, stall margin increase, drag reduction and nose-down moment increase for stationary and pitching airfoils. In a CFJ airfoil, an injection slot near the leading edge (LE) and a suction slot near the trailing edge (TE) on the airfoil suction surface are created. As shown in Fig. 1 , a small amount of mass flow is drawn into the suction duct, pressurized and energized by the micro compressor, and then injected near the LE tangentially to the main flow via an injection duct. The whole process does not add any mass flow to the system and hence is a zero-net-mass-flux(ZNMF) flow control.
A full electric 4-seats long range and compact CFJ airplane is first designed by Lefebvre and Zha [14] and demonstrates a substantial range increase compared with the same size aircraft with conventional design. Yang and Zha [15] further improve the productivity efficiency significantly. A fixed aspect ratio of 20 is used in the designs [14, 15] and no study on the induced drag is conducted. Even though the 3D CFJ wing performance is studied by Lefebvre and Zha [12] , the focus is on the overall performance of cruise and takeoff/landing. Since CFJ wings typically fly at substantially higher lift coefficient either at cruise or takeoff/landing, a question that needs to be answered is how the induced drag due to lift behaves. The induced drag is important to determine the efficiency of all aircraft design. The second question is how to reduce the CFJ power consumption and still keep the same lift coefficient in order to maximize the cruise efficiency. The purpose of this paper is to study these two problems by simulating 3D CFJ wings with different aspect ratios and different slots sizes, but with a constant jet injection momentum coefficient at a fixed optimum cruise angle of attack. 
Methodology
Lift and Drag Calculation
The momentum and pressure at the injection and suction slots produce a reactionary force, which is automatically measured by the force balance in wind tunnel testing. However, for CFD simulation, the full reactionary force needs to be included. Using control volume analysis, the reactionary force can be calculated using the flow parameters at the injection and suction slot opening surfaces. Zha et al. [2] give the following formulations to calculate the lift and drag due to the jet reactionary force for a CFJ airfoil. By considering the effects of injection and suction jets on the CFJ airfoil, the expressions for these reactionary forces are given as :
where the subscripts 1 and 2 stand for the injection and suction respectively, and θ 1 and θ 2 are the angles between the injection and suction slot's surface and a line normal to the airfoil chord. α is the angle of attack.
The total lift and drag on the airfoil can then be expressed as:
where R x and R y are the surface integral of pressure and shear stress in x (drag) and y (lift) direction excluding the internal ducts of injection and suction. For CFJ wing simulations, the total lift and drag are calculated by integrating Eqs. (3) and (4) in the spanwise direction.
Jet Momentum Coefficient
The jet momentum coefficient C µ is a parameter used to quantify the jet intensity. It is defined as:
whereṁ is the injection mass flow, V j is the mass-averaged injection velocity, ρ ∞ and V ∞ denote the free stream density and velocity, and S is the planform area.
Power Coefficient
CFJ is implemented by mounting a micro-compressor system inside the wing that withdraws air from the suction slot and blows it into the injection slot. The power consumption is determined by the jet mass flow and total enthalpy change as the following:
where H t1 and H t2 are the mass-averaged total enthalpy in the injection cavity and suction cavity respectively, P is the Power required by the pump andṁ the jet mass flow rate. Introducing P t1 and P t2 the mass-averaged total pressure in the injection and suction cavity respectively, the pump efficiency η, and the total pressure ratio of the pump Γ =
, the power consumption is expressed as:
where γ is the specific heat ratio equal to 1.4 for air. The power coefficient is expressed as: 
Corrected Aerodynamic Efficiency
The conventional wing aerodynamic efficiency is defined as:
For the CFJ wing, the ratio above still represents the pure aerodynamic relationship between lift and drag. However since CFJ active flow control consumes energy, the ratio above is modified to take into account the energy consumption of the pump. The formulation of the corrected aerodynamic efficiency for CFJ wings is:
where V ∞ is the free stream velocity, P is the pumping power, and L and D are the lift and drag generated by the CFJ wing. The formulation above converts the power consumed by the CFJ into a force P V∞ which is added to the aerodynamic drag D. If the pumping power is set to 0, this formulation returns to the aerodynamic efficiency of a conventional wing.
Aircraft Productivity
To compare aircraft that have the same ratio of initial weight to final weight with the same engine fuel consumption or battery energy density, the productivity efficiency C 2 L /C D is introduced to measure the productivity of an airplane represented by its range multiplied by its weight [16] .
The productivity efficiency
is a more comprehensive parameter than the conventional aerodynamic efficiency C L /C D to measure the merit of an airplane aerodynamic design for cruise performance. The former includes not only the information of C L /C D , but also the information of the aircraft weight C L . For example, for two airplane designs having the same C L /C D with one C L twice larger than the other, if the wing sizes are the same, one airplane will be able to carry twice more weight than the other with productivity and wing loading increased by 100%. Such a large difference is not reflected by
The definition of C L /C D in general is a suitable measure of merit for conventional aircraft design. This is because at a certain Mach number regime, the maximum C L /C D is usually achieved at low angle of attack within the drag bucket and is more or less the same for different airfoil designs. In other words, for the same optimum C L /C D , the C L is about the same. A typical C L for subsonic airfoil is about 0.4 -0.5 and for transonic airfoil is about 0.7.
For CFJ airfoil, the minimum CFJ pumping power occurs at a fairly high AoA [7, 17] . With the augmentation of CFJ, the subsonic cruise lift coefficient of a CFJ airfoil is typically 2 to 3 times higher than the conventional airfoil with about the same (C L /C D ) c [12] . Such a high lift coefficient is unattainable for conventional airfoil since they would be either stalled or near stalled with very high drag. Hence for CFJ aircraft design, the productivity efficiency
is more informative to be used to reflect the aerodynamic performance. The corrected productivity efficiency for CFJ airfoils is (
Oswald Efficiency
The Oswald efficiency is a correction factor that represents induced drag effect when a 3D wing platform is deviated from an elliptic platform. The total drag coefficient of an airplane can be expressed as:
where C Di is the induced drag coefficient, e is the Oswald efficiency, AR is the aspect ratio, C D0 is the zero-lift drag coefficient, C L is the total lift coefficient, and C D is the total drag coefficient. Using the formulation above, we can calculate the Oswald efficiency with the known values of C L , C D , AR, and C D0 as below:
CFD Simulation Setup
The in house FASIP (Flow-Acoustics-Structure Interaction Package) CFD code is used to conduct the numerical simulation. The 3D Reynolds Averaged Navier-Stokes (RANS) equations with one-equation Spalart-Allmaras [18] turbulence model is used. A 3rd order WENO scheme for the inviscid flux [19, 20, 21, 22, 23, 24] and a 2nd order central differencing for the viscous terms [19, 23] are employed to discretize the Navier-Stokes equations. The low diffusion E-CUSP scheme used as the approximate Riemann solver suggested by Zha et al [20] is utilized with the WENO scheme to evaluate the inviscid fluxes. Implicit time marching method using Gauss-Seidel line relaxation is used to achieve a fast convergence rate [25] . Parallel computing is implemented to save wall clock simulation time [26] . 
Boundary Conditions
The 3rd order accuracy no slip condition is enforced on the solid surface with the wall treatment suggested in [27] to achieve the flux conservation on the wall. The computational mesh is shown in Fig. 2 with O-mesh topology and the radial farfield boundary located at 20 chord radius. The spanwise farfield is located at 20 chord away from the wing tip. Total pressure, total temperature and flow angles are specified at the injection duct inlet, as well as the upstream portion of the far field. Constant static pressure is applied at the suction duct outlet as well as the downstream portion of the far field. Symmetry boundary conditions are applied at the root of the wing, whereas the wing tip flow is resolved by a mesh block. The cross-section faces of the CFJ ducts are meshed using "H" topology while the domains around the airfoil are meshed using "O" topology. The total mesh size is 3.918 millions points, split into 111 blocks for the parallel computation. The first grid point on the wing surface is placed at y + ≈ 1. This mesh size is the same as the one used in the study of Lefebvre and Zha [12] , which the mesh is verified for mesh independence.
Results and Discussion
In this section, we present the results of two designs of CFJ wings and baseline wings at different aspect ratio. The CFJ 1 wing is the one previously designed by Lefebvre and Zha [12] , which is modified from the NACA 6421 airfoil with the suction surface translated downward by 1.5% Chord. The CFJ 2 is the optimized wing based on the CFJ 1 with enlarged injection and suction slot by 80% and 85% respectively. The baseline wing uses the NACA 6421 airfoil with no CFJ. The simulation parameters are listed in Table 1 , which indicates that the aspect ratio studied are 20, 10, and 5. The CFJ 2 wing is simulated at C µ of 0.03 and 0.04. For the CFJ 1 wing, only C µ of 0.04 is simulated. Table 2 gives the detailed geometric parameters of the two different designs of CFJ-NACA-6421 airfoils with the injection and suction slot size normalized by airfoil chord length (C). The CFJ 1 wing has an injection slot size of 0.65%C and suction slot size of 1.33%C, and the suction surface translation (SST) of 1.50%C. The CFJ 2 wing has the same SST, but an 80% larger injection slot size of 1.17%C and an 85% larger suction slot size of 2.47%C. Since the interest of this paper is on cruise performance, the AoA rang studied is at the low level from −10 • to 15 • with a 5 • step size. Among those angle of attack, AoA of 5 • always gives the optimum corrected aerodynamic efficiency for both the baseline wings and CFJ wings. Thus, all the results comparison below are presented at AoA of 5 • only.
As shown in Fig. 3(a) , the C L is increased with the increase of aspect ratio since a higher aspect ratio is closer to 2D airfoil with less tip vortex and down-wash effect. At the same jet momentum of 0.04, the CFJ 1 wing and CFJ 2 wing have about the same C L at the same aspect ratio. Lowering the jet momentum to 0.03 slightly decreases the enhancement of the C L . The CFJ wing always has a substantially higher cruise lift coefficient than the baseline wing. Fig. 3(b) shows that with the increasing of aspect ratio, the drag coefficient of the CFJ wings is largely decreased and become lower than that of the baseline at AR 20. The C D for CFJ 1 wing and CFJ 2 wing are similar at C µ of 0.04, the reduction of C µ to 0.03 slightly increase the C D at low aspect ratio, but have about the same C D at aspect ratio of 20. Fig. 3(c) shows that the CFJ wings have substantially higher value of the nose-down moment than the baseline wing. However, the CFJ 2 wing has smaller nose down moment value than the CFJ 1 even though they have about the same lift coefficient. The smaller C µ generates about the same pitching moment. A tandem wing or a canard configuration with the front wing used to balance the nose down moment is hence desirable. The pitching moment coefficient of the baseline wing almost remains the same at all aspect ratio. Figure 3 : Lift, drag and moment coefficients for the CFJ 1 wing, the CFJ 2 wing and baseline wing.
c plots for both CFJ wings and baseline wings are shown in Fig. 4 . As shown in Fig. 4(b) , for the AR of 5, the CFJ wing and the baseline wing have about the same C L /C D , but the C L level of CFJ wing is substantially higher than that of the baseline as shown in Fig. 3(a) . With the AR increased to 20, the C L /C D is also increased to about 38% higher since the CFJ reduces the pressure drag significantly. For the corrected aerodynamic efficiency of (C L /C D ) c that includes the CFJ power consumption (Fig.4(b) ), the baseline wing has a higher (C L /C D ) c at low AR of 5. When the AR is increased to 20, the CFJ 2 wing has about the same or slightly higher (C L /C D ) c than the baseline wing. Although the corrected aerodynamic efficiencies are similar, the productivity efficiency of CFJ 2 wing at C µ of 0.03 is increased by 32.1%, 19.4%, and 8.7% respectively for AR 20, 10, and 5 as shown in Fig.4 (c) due to the higher cruise lift coefficient. Fig. 5(a) compares the CFJ power coefficient. For the same C µ of 0.04, the CFJ 2 wing substantially decreases the power coefficient by 30% with the same lift and drag coefficient as shown in Fig. 3 . The reduced power coefficient contributes to the increase of aerodynamic efficiency and productivity efficiency demonstrated in Fig.  4 . Such benefit is obtained completely by enlarging the injection and suction slot size. The power coefficient of CFJ 2 wing is further reduced by 35% when the C µ is decreased from 0.04 to 0.03. A low cruise power requirement is crucial to achieve a high overall mission efficiency.
c plots for the CFJ 1 wing, the CFJ 2 wing and baseline wing.
In order to calculate the Oswald efficiencies, the zero lift angle of attack needs to be found, so that the C D0 and C Di in Eq. 11 and Eq. 12 can be determined. Table. 3 shows the zero lift AoA and the C L and C D values for all the two CFJ wings and the baseline wing. Note the C L is only approximately equal to zero. For the CFJ wing, the zero lift occurs at about AoA of −7 • . For the baseline wing, it is at about AoA of −5.5 • . Also, the zero lift angle of attack decreases slightly for all the wings as the AR is decreased. As shown in Fig. 5(b) , a higher aspect ratio gives smaller induced drag coefficient at the same AoA. The CFJ wings also have higher induced drag coefficient than the baseline wings due to high lift coefficient. However, the CFJ wings all have higher Oswald efficiency than the baseline wings. Note that the Oswald efficiency is actually greater than 1 for the CFJ wings, indicating that the Oswald efficiency of a CFJ wing would be greater than that of an elliptic planform. The reason of the high Oswald efficiency is that the lift enhancement with the effect of exponential square term outperforms the increase of the induced drag coefficient as indicated by Eq. (13) . This result means that the CFJ wing is penalized less than the baseline wing by the drag due to lift. This is also the reason that the CFJ wing achieves similar (C L /C D ) c to the baseline wing (Fig. 4(b) ), but at a substantially higher level of C L , which produces much higher productivity efficiency as shown in Fig. 4(c) . Fig. 5(c) indicates that the wing with AR of 5 gives higher Oswald efficiency than the wings of AR of 10 and 20 for both the CFJ and baseline wing.
(a) (b) (c) Figure 5 : P c , C Di , Oswald efficiency e plots for the CFJ 1 wing, the CFJ 2 wing and baseline wing. Fig. 6(a) shows the variation with the aspect ratio for Mass-averaged total pressure ratio (P R) between the injection and suction cavities, injection mass flow rate and normalized injection jet velocity for CFJ 1 and CFJ 2 wing. Fig.6(a) shows that the P R decreases slightly with the increase of aspect ratio due to the reduced loss caused by the tip vortex. For the same C µ of 0.04, the CFJ 2 wing has substantially lower total pressure ratio than the CFJ 1 wing. The low total pressure ratio results in about 24% lower jet velocity as shown in Fig. 6(c) . At the same time, the 80% enlarged injection slot area allows it to pass more mass flow rate as shown in Fig. 6(b) . CFJ 2 wing achieves the same C µ of 0.04 by using substantially lower injection velocity and high mass flow rate than the CFJ 1 wing. It benefits the CFJ 2 system with significantly lower total pressure, and most importantly lower power coefficient as shown in Fig. 5(a) . This can be understood by analyzing Eq. (7), which indicates that the power coefficient is linearly determined by the CFJ mass flow rate and exponentially determined by the total pressure ratio between the injection slot and suction slot. The CFJ 2 wing consumes much lower power than the CFJ 1 wing for the same C µ , lift augment and drag reduction because it has larger slot areas, lower injection jet velocity, lower total pressure ratio, and higher jet mass flow rate. The total pressure ratio dominates the power coefficient.
(a) (b) (c) Figure 6 : CFJ total pressure ratio, mass flow rate, and injection velocity variation with the aspect ratio.
The surface Isentropic Mach number (M is ) distributions at various spanwise locations for the two Co-Flow Jet wings and baseline wing at aspect ratio 20 and at AoA of 5 • are shown in Fig. 7 . Fig. 7 indicates that the CFJ wings have higher loading than the baseline wing across the whole span due to the higher total lift coefficient. The inner 75% span of the CFJ and baseline wings have the similar loading. For the outer 25% span, the loading is gradually decreased due to the wing tip effect. The spikes on the Isentropic Mach number plot are due to the injection and suction slots. The CFJ greatly augments the circulation due to the increased flow velocity on the suction surface. Furthermore, the two CFJ wings have a significantly higher suction peak near the leading edge than the baseline wing. The higher suction peak Mach number increases the lift and reduces the pressure drag of the wing. The maximum M is of the CFJ wing is about 0.27, an increase of roughly 8% over that of the baseline wing. Comparing the CFJ 1 wing with the CFJ 2 wing, a small difference is that a constant higher Mach number between the 60% and 80% chord, which is the result of enlarging the suction slot located at the 80% chord with the upstream surface curvature altered. This constant Mach number area on the airfoil suction surface makes a small contribution to the overall lift enhancement. Figure. 8 is the Mach contours with streamlines at 0%, 50%, 75% and 95% spanwise location for the CFJ 1 wing, the CFJ 2 wing and the baseline wing at AR =20, AoA = 5 • . As we can see on the suction surface of the wings, Co-Flow Jet wing gives a higher LE acceleration which is the source of the lift enhancement and pressure drag reduction. The baseline wing has a very small separation near the trailing edge due to the thick airfoil generating a fairly strong adverse pressure gradient. The CFJ wings do not have any flow separation. 
Mesh Independence Study
The mesh independence study is conducted with the mesh size doubled in ξ, η, ζ direction respectively once at a time. The mesh independence study is conducted at AoA of 5 • only since the focus of this study is the cruise performance. Table 4, Table 5 , and Table 6 give the coefficient of lift, drag, pitching moment, CFJ power, and required pumping total pressure ratio for 3D CFJ 2 wing at AR 20, 10 and 5 respectively. The variation of all results is within 1% and indicates that the solution is mesh size independent. Table 6 : Mesh independence study for the CFJ 1 wing at AoA = 5 • and at aspect ratio 5. 
Conclusions
The study indicates that the induced drag coefficient of CFJ wings is increased with the decrease of aspect ratio. However, the Oswald efficiency is also increased with decreasing aspect ratio. The CFJ wings have higher Oswald efficiency than the baseline wings with the same aspect ratio becasue the lift enhancement effect outperforms the induced drag increase. In other words, the CFJ wing is less penalized even though the lift coefficient is higher than the baseline wing. The CFJ wing always has substantially higher ratio of C L /C D than the baseline wing since CFJ reduces the pressure drag significantly. For the corrected aerodynamic efficiency of (C L /C D ) c that includes the CFJ power consumption, the CFJ 2 wing's result is slightly better than the baseline wing at aspect ratio of 20 and similar at aspect ratio of 10 and 5. However, attributed to the increased cruise lift coefficient, the productivity efficiency of the CFJ 2 wing measured by (C 2 L /C D ) c is increased by 32.1% for the wing of AR 20, 19.4% for AR 10 and 5.6% for AR 5.
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